Abstract: A new frequency weighting method to assess hand-arm vibration exposure is proposed in this paper. The influence of frequency components was first estimated using the method of multivariate analysis, then a simple form of the weighting curve was introduced. Compared with the frequency weighting in the current ISO 5349-1 (2001), the proposed weighting can better explain the relationship between rates of symptoms and vibration exposure among vibrating tool users. Although this new weighting is derived from limited data, it suggests that the current weighting in ISO 5349-1 should be changed to give more weight to the high frequency range and less weight to the low frequency range.
Introduction
The frequency weighting method of ISO 5349-1 1) was introduced in order to evaluate the risk of the development of vibration-induced white finger, VWF, however, it has been claimed that the method does not adequately reflect the risk of VWF. Since the 1980's, some investigators have pointed out that the method overestimates the low frequency effect and others have pointed out an underestimation of the high frequency effect [2] [3] [4] [5] . We need a new method of frequency weighting that is medically proven.
The purpose of this study was to find a better frequency weighting method by comparing the relationship between the vibration exposure dosage and the effects among users of vibrating tools.
Materials
This study is based on information obtained before 1980. In order to know the tendency of the dose-response relationship, a wide variety of data showing the occurrence of symptoms was needed. Old data must be used due to the fact that in Japan during the 1970's drastic changes and improvements in equipment and work methods lowered the number of reports of severe effects from vibration exposure.
The data was extracted from the records of examinations, which the author either conducted by himself or consulted thoroughly with an examining team. The method for the tool vibration measurement and the diagnosis for tool users were similar to those in current usage.
Subject and work site
Subjects' records were chosen based on the tool type and the operating period, and were taken from health examination records for all vibration tool users at working sites. The rules to select subjects and make groups were: 1. Subjects should be workers who had used a particular type of tool and had not used any other type of power tools; 2. A group comprised workers using a particular model of tool, or similar model generating similar vibration, in similar work, on similar work material; 3. A group consisted of about 20 persons or more within a certain exposure duration range. Subjects were divided into 16 groups by tool use and the total use time. Each group worked at the same site with the same tool ( Table 1) .
The work sites were stone quarries in a hill, factories in cities, a mine, and forests. Temperatures at work sites in winter were, 0-10 degrees Celsius for stone quarries, 10-Industrial Health 2005, 43, 509-515 15 deg. for factories and foundries, 10-15 deg. for the mine, and -10-10 deg. for chainsaw groups.
Total exposure time
In interviews, when workers answered how many hours they had used the tool, their answers were more than the actual operating time. The chipping hammer and chainsaw users' actual operating time was measured by time studies or by personal noise recorders. The results showed that actual exposure time was 30% to 70% of what the subjects had reported. Based on this result, other working groups' exposure times were estimated as one half of what the subjects had reported.
Data of symptom
In this study, three kinds of symptoms were used as objects of analysis. They were vibration-induced white finger, VWF, finger numbness and tingling, and pain in the upper limb joints. Symptom rates of the groups are shown in Table 2 .
A single medical team had examined all groups, except two chainsaw groups, using a Japanese regulatory standard, which includes a medical interview and objective tests. A trained doctor had diagnosed the subjects by the same regulatory standard and the author was involved in all aspects of these examinations, including interviewing the subjects and documenting their history of vibration exposure. For two groups of chainsaw operators, #15 and #16, another team at the same institute had performed the medical tests and interviews. Accordingly, the symptoms of VWF were examined in a similar way, however, symptoms of numbness and pain might have been examined using different methods, therefore, numbness and pain symptoms were excluded from this study.
Tool vibration
In this study, the vibration data for one kind of tool was applied to the worker groups using the same type of tool. Figures 1, 2, and 3 show the vector sum values of acceleration in each 1/3-octave band. Some measured vibration data of a 1/3 oct. band, r.m.s. acceleration, were averaged in each orthogonal direction then the vector sums of 3 axes were calculated to represent the frequency components.
With regard to the vibration measurement, a few different ways were used. Some measurements were taken from Other groups' reported use time was halved due to discrepancies in subjects' use time reporting. *a: used the same particular model of chipping hammer for only digging a wedge hole on a stone lump, *b: used the same model of tool as groups #1, #2, and #3 for chipping iron material, *c: worked at the same sites as #1, #2, and #3, *d: used a two-man system, *e: used a long type of tool with gripping firmly, having a length of 1.5 m, for non-percussive sand patting but not for backfilling or soil pawing on building sites, *f: used a short type of tool with an arm raised high, having a length of 60 cm, for patting sand on tables, *g: used "old types" of chainsaw having a strong vibration without any anti-vibration procedure for long hours, from 1957 to 1965 in the central to northern Japan, *h: in the southwestern area of Japan, groups 14, 15, and 16 were examined in 1965, 1966. Other groups were examined in 1976, 1977.
simulated work sites. Others were performed at experimental sites for the same model of tool. In both methods the tool used for measurements was the same tool and model used in the work group. A 1/3 oct. band analyzer was used in the frequency analysis. Vibration measurement was performed using the method described in an old draft of ISO 5349, which was discussed during the stages of the Committee Draft and the Draft International Standard. The method was similar to the current 
Fig. 1. Vibration of air hammer/drill (3-D).
Acceleration was averaged in each band from two or three measurements for each tool.
Fig. 2. Vibration of sand rammer (3-D).
Each line is one measurement.
method of ISO 5349-1 (2001), except for the use of a mechanical filter and three axes transducers. Without the mechanical filter, the DC-shift phenomena could occur. In this study, vibration data of percussive tools were checked for evidence of DC-shift. Regarding the vibration direction, both the simultaneous measurement by 3 axes pick-up and the separate measurements by single axis pick-up for 3 axes data were included. 
Methods

Frequency influence
As a first step in this study, a linear multiple regression analysis (MRA) was used in order to detect the influence of frequency elements of the vibration dose and principal component analysis (PCA) was used as pre-processing step for MRA.
The frequency element of the dose, D i,k , (i th 1/3 oct. band in k group) was shown as combinations of a i,l (l; type of tool) and T k in each 1/3 oct. band. The 22 bands ranged from 8 Hz to 1 kHz. Since the 22 frequency elements among the 16 groups were highly correlated, they had the problem of multiple co-linearity for direct use of MRA and a steady solution could not be obtained. The high correlation originated in the property of vibration, a i,l . The percussive tools had similar vibration, especially in high frequency area, and correlation coefficients above 0.7 were found in 65 pairs of frequency components, 28.1%, among 6 types of spectrums. Furthermore, plural groups had the same vibration in this study. In the case of D = a i,l · T k , 84 pairs, 36.4%, showed the correlation coefficients above 0.7 and 38 pairs, 16.5%, showed correlation coefficients above 0.9. Generally, variables having mutual high correlation are summarized or thinned out and reduced in number in MRA. However, regression coefficients are not allocated to all frequencies if this is done. In order to resolve the problem of multiple co-linearity and to obtain regression coefficients for all frequency elements, PCA was used as a pre-processing step for MRA.
PCA was applied to two variables. In the first instance, PCA was applied to the dose, D i,k , which was the combination of vibration and time, then principal components, PC j,k , (j; descending order of contribution) were used as the independent variables in MRA. In the second instance, PCA was applied to frequency factors of tool vibration, a i,l , a i,l 2 or log(a i,l ), then principal components, PC j,l , were used in MRA with time factors, T k , T k 1/2 or log(T k ), as independent variables.
In both cases, leading principal components (PCs) with which the cumulative contribution in descending order exceeded 0.9 were used in MRA and the dependent variable of MRA was P k , P k 2 , or log(P k ). In the case of log(P k ), zero was applied to the value of the dependent variable when P k was 0%. In this application, 0% was considered to be same as 1%. The groups which showed 0% of symptom rate had numbers of subjects in the range from 21 to 27 persons and there was no significant difference between 0% and 1% statistically. MRA was performed by either the full model method or the stepwise method, as long as PCs selected reflected the original data sufficiently.
The coefficient described in equation (1) shows relative degree of frequency influence In the second step of this study, based on the results in the first step, frequency influence as a straight line on the logarithmic scale was tested as an example of a simple form of weighting line for symptoms of VWF and finger numbness. A new line was chosen from five lines, which were inflected at 63 Hz and had slopes beyond 63 Hz in the range from -3 dB/oct. to +3 dB/oct. as shown in Fig. 6 . The slope below 63 Hz was 6 dB/oct.. For reference, the line specified by ISO 5349-1 and a flat line from 8 Hz to 1 kHz were also tested by MRA.
In this test, the dependent variable was log(P) and independent variables were log(V w ) and log(T). V w is defined below.
w i ; weighting coefficient.
Fig. 3. Vibration of "old type" chain saw (3-D).
Each band was averaged from 4 measurements. Acceleration was mainly chosen from the front handle, however, at 40 Hz and 50 Hz the rear handle data was higher and therefore it was chosen.
Results
Result of principal component analysis
The result of PCA showed that 22 frequency components were projected to several new axes, which were perpendicular to each other. In order for the cumulative contribution in descending order to exceed 0.9, one or four PCs were needed depending on the original data form. Fig. 4 shows an example of the result of PCA based on D = log(a · T 1/2 ). With regard to PCA based on the forms of log(a i,l ), the result showed that PC 1 reflected the difference between high frequency components (100-1 kHz) and low frequency components (8-25 Hz) and PC 2 reflected the intermediate frequency range component. PC 3 reflected the remaining information. These 3 PCs made up the contribution sum of 0.92. 
Result of MRA based on PCs
The result of MRA varied due to multiple original data forms. The results were examined and evaluated using the following points.
1) Statistical significance of regression coefficient (ANOVA) 2) Whether the determination coefficient adjusted for the degree of freedom was high enough. 3) Whether selected PCs could reflect enough original data in the stepwise method. 4) Whether the confidence interval, CI 95 , of u i introduced by the standard error of regression coefficients was small enough.
5) The existence of an particular influential element
The results with high-evaluations are shown in Table 3 . Regarding VWF symptom, the results from PCs based on the logarithmic data were good, having an adjusted determination coefficient above 0.74. The best result was obtained when PCs were based on D i,k = log(a i,l · T 1/2 k ). From the remaining data forms, significant results were obtained and the adjusted determination coefficient was above 0.5. The result of PCs, corresponding to the "power equivalent", PC D = a 2 T or PC based on a i,l 2 , did not show a good result. For the symptom of numbness, the result of the case of PC D = aT 1/2 used in the stepwise method was significant statistically, and ui had a similar tendency to VWF, however, selected PCs did not well reflect the original data.
For the symptom of joint pain, significant results were not obtained.
Four u i curves from cases having an adjusted determination coefficient above 0.6, are shown in Fig. 5 . Higher frequency elements above around 63 Hz were effective and frequency elements lower than 63 Hz could be disregarded.
Results of MRA based on simple form weighting lines
The results of MRA used to test the five simple lines, are listed Table 4 . For VWF, all five lines showed good results having adjusted determination coefficients around 0.8 for VWF and CI 95 of log(P), around -0.25 to +0.25. Line 2 gave the best result among these lines. The other four lines showed similar good results. The result obtained from using the ISO 5349-1 line had a low coefficient of determination.
For the symptom of numbness and pain, no significant Table 4 . Result of MRA in the second step for VWF log(P)estimated = β β β β β0 + β β β β β1 · log(Vw) + β β β β β2 · log(T) Vw is a weighted acceleration defined by equation (6). The adjusted determination coefficient was similarly high for Line 1 through Line 5. The result obtained from using the ISO 5349-1 line was significant statistically, however, the determination coefficient was very low. The ratio between β1 and β2 differs for each Line. This suggests that there is a trade off relationship between vibration magnitude and exposure duration which may depend on the frequency weighting method. For numbness and joint pain symptoms, the results were not significant. In cases where P=0 (%), a zero value was assigned to log(P). These groups contain 18, 20, or 27 subjects and there is no significant difference between 0% and 1%.
result could be obtained. In Fig. 7 , vibration exposure in each group, according to the regression equation, is compared with the rate of VWF.
Discussion and Conclusion
A new weighting line, which better explains the doseresponse relationship for VWF, was calculated. The group containing many subjects with VWF had a high estimated vibration exposure dose. The results obtained using the frequency weighting of the current ISO 5349-1 did not properly explain the dose-response relationship.
There are some common limitations of the material used in this study.
1) The data was obtained from small groups. Since many of the subject groups contained about 20 people, the value of the VWF occurrence rate had some limit of error. CI 95 of VWF rate was 18.6% to 46.5% for Group 10 containing 18 people (VWF 38.9%), and 44.1% to 65.4% for Group 16 containing 80 people (VWF 55%). In other groups CI 95 had an intermediate value.
2) Sampling of tool type was biased. Vibrating tools that were often used, such as grinders or impact wrenches were not included in this study because the author could not find sufficient numbers of workers fitting the selection rule. However, high vibration tools, such as rock drills and chainsaws that were considered dangerous and two types of sand rammers, which generate a unique vibration, were included.
3) The vibration data might not reflect workers total vibration exposure.
In this study, one tool spectrum corresponded to some groups. For instance, for 3 groups in stone quarries (#1, #2, #3), workers digging wedge holes using the same particular type of chipping hammer were selected only and other workers who used chipping hammers for surface refinement and carving were excluded. Four groups, from #4 to #7, also used the same particular model of chipping hammer. There still remained a big difference in the vibration magnitude. As a result, the approach was limited. However, the vibration had a similar tendency among frequency patterns which indicate vibration was strong in the high frequency range above several hundred Hz. Furthermore, the vibration was measured during a short period of time in simulated work of work models or in actual work areas. Vibration magnitude varied for the same model of tool in range of several dBs from one measurement to another. The frequency range of measurement was restricted to below 1.1 kHz.
Line 2 in Fig. 6 showed the best result. However, if the error range of the rate and the vibration dose are considered, the other four lines show similar results to Line 2. The results of this study suggest that the higher frequency area above 63 Hz should be given a higher weighting and the lower frequency area a lower weighting. Although this new weighting is derived from limited data, it suggests that the current weighting of ISO 5349-1 should be changed to give more weight to the high frequency range and less weight to the low frequency range.
The results of Table 4 suggest that the trade off relationship between vibration magnitude and exposure time may depend on the weighting line. Acceleration was estimated high when the weighting was high in the higher frequency.
With regard to the numbness symptom, the results showed a similar tendency to VWF, namely, the high frequency component had a strong influence, on the first step of this study. However, the result of the second step, based on simple form lines, was not significant statistically. For this symptom we need to consider not only vibration exposure but also work style. For the joint pain symptom, the complaint rate did not vary among groups and was not related to vibration exposure. It was not specific to vibration exposure in character 4) .
